Background The genetic composition of cynomolgus macaques used in biomedical research is not as well-characterized as that of rhesus macaques. Methods Populations of cynomolgus macaques from Sumatra, Corregidor, Mauritius, Singapore, Cambodia, and Zamboanga were analyzed using 24 STRs. Results The Sumatran and Cambodian populations exhibited the highest allelic diversity, while the Mauritian population exhibited the lowest. Sumatran cynomolgus macaques were the most genetically similar to all others, consistent with an Indonesian origin of the species. The high diversity among Cambodian animals may result from interbreeding with rhesus macaques. The Philippine and Mauritian samples were the most divergent from other populations, the former due to separation from the Sunda Shelf by deepwater and the latter due to anthropogenic translocation and extreme founder effects. Conclusions Investigators should verify their research subjects' origin, ancestry, and pedigree to minimize risks to biomedical experimentation from genetic variance stemming from close kinship and mixed ancestry as these can obscure treatment effects.
Vietnam) for breeding in farms, particularly in China. Chinese breeders exported more than 65% of the cynomolgus macaques imported to the United States in 2009 [3] . Cynomolgus macaques imported directly from Mauritius and southern Sumatra/western Java as well as those of unknown origin imported from Chinese breeding farms, most of which probably originated in Indochina, have dominated US imports. In addition, animals originating in different countries are typically interbred in Chinese breeding farms [Dr. Hongli Du, South China Technology University, Guangzhou, personal communication, 2012]. Thus, the points of origin and precise ancestry of cynomolgus macaques whose genetic characteristics have been reported in previous studies are not typically known.
Genetic evidence of natural interspecies admixture between cynomolgus and rhesus macaques in Indochina, leading to gene flow well beyond the hybrid zone, is well-documented [4, 11, 22, 41, 43, 48, 56] . Thus, the majority of cynomolgus macaques employed in biomedical research in the United States also exhibit variable but unknown levels of admixture with rhesus macaques [23] .
Several studies of the mtDNA of relatively small samples of cynomolgus macaques indicate a fundamental genetic difference between animals from insular (e.g., Indonesia, Sarawak, and Philippines) and mainland (e.g., Indochina, Thailand, Burma, and Peninsular Malaysia, north of the Isthmus of Kra) South-East Asia [15, 54] and a paucity of genetic diversity in those from Mauritius [27, 29] and the Philippines [47] . Estimates of genetic differences reported among regional populations of cynomolgus macaques [4, 21, 22, 48] equal or surpass that between Indian and Chinese rhesus macaques [24, 33, 45, 46] , which differ from each other as much as some species and are not always appropriate for use as the same animal model. If genetic differences among some cynomolgus macaque populations are as high as that between Indian and Chinese rhesus macaques, then they, like Indian and Chinese rhesus macaques, should be separately bred and not necessarily considered appropriate as research models for the same diseases. The potential for genetic diversity among island populations should also be considered in experimental designs [62] . If some groups of cynomolgus macaques exhibit more genetic heterogeneity influencing the phenotype than other groups, their genetic background can affect their suitability for some types of research.
In this study, we infer the population structure of several cynomolgus populations derived from welldocumented localities that represent major sources for wild-caught breeding stock for biomedical research in the United States. We analyzed DNA samples from wild-caught animals and their descendants known to have originated from the following locations, shown in Fig. 1 : (i) Corregidor, in Manilla Bay on the island of Luzon in the northern Philippines, (ii) Zamboanga, in the northwestern part of the island of Mindanao in the southern Philippines, (iii) Singapore, off the southern coast of the Malay Peninsula, (iv) Cambodia in mainland South-East Asia, (v) Palembang in southern Sumatra, and (vi) five different localities on the island of Mauritius.
Our southern Sumatran population represents the alleged original homeland of cynomolgus macaques [6, 44] . However, the data of Tosi et al. [55] , along with those of Street et al. [49] and Bonhomme et al. [3] , imply that the cynomolgus macaques in Indochina represent a very old population because of the large number of private alleles it retains, supporting the alternative hypothesis that cynomolgus macaques instead originated in Indochina and later dispersed to insular South-East Asia. An alternative hypothesis for the origin of private alleles in Indochinese cynomolgus macaques is admixture with rhesus macaques. The mtDNA haplotype network in Smith et al. [44] demonstrates that the haplotypes from which all Mauritian, Philippine, and Indochinese haplotypes derive Fig. 1 Geographic range of cynomolgus macaques based on Fooden (1995 Fooden ( , 2006 . Study samples were derived from the islands of Sumatra, Indonesia (1), Mindanao [Zamboanga (2) and Corregidororiginated on the Sunda Shelf. The cynomolgus macaque population with the greatest diversity and least genetic distance to all other populations of the species should be that population inhabiting the original homeland of the species. If the Cambodian population represents the descendants of immigrants from Indonesia that first reached the mainland nearly one million years ago [10] and has also experienced admixture with rhesus macaques, these animals should exhibit relatively high genetic distances from all other cynomolgus populations and relatively high genetic diversity due to admixture with rhesus macaques.
Mauritian cynomolgus macaques are believed to have originated in Indonesia and had been introduced to Mauritius several centuries ago by sailors [51, 52] . An Indonesian homeland for the Mauritian cynomolgus macaques is supported by the presence of the Indonesian MHC class I Mafa-B*011:01 and Mafa-B*075:01 alleles in the Mauritian macaques [7, 63] . Tosi and Coke [54] specifically suggest Sumatra as a source for Mauritian cynomolgus macaques because both exhibit the otherwise uniquely Sumatran characteristic of sharing their mtDNA with insular populations and their Y chromosome DNA with mainland populations. The Mauritian population should exhibit a relatively low level of genetic diversity and share the lowest genetic distance with the population occupying its homeland.
Two different subspecies of cynomolgus macaques often employed in biomedical research inhabit the Philippines, M.f. fascicularis, in western Mindanao (e.g., Zamboanga) and M.f. philippinensis, in eastern Mindanao and most of the remaining islands. The latter subspecies is believed to have dispersed to Luzon, probably via Palawan, long before the former, and has evolved markedly different morphology than the former. The former subspecies dispersed to Mindanao, probably via the Sulu archipelago, much later and should share much closer genetic similarity to all other cynomolgus macaques in our study than to M.f. philippinensis. Our cynomolgus macaques from Corregidor are believed to be descendants of animals introduced by an exporter of NHPs who collected animals of unknown subspecies from unknown locations on the island of Mindanao in the Philippines and released 400-600 of them after the collapse of his business in the mid-1980s (R. Razalo, personal communication, 2011 and J. Nazareno, personal communication 2012). If this scenario is correct and the animals were collected from western Mindanao, our samples from Corregidor and Zamboanga should exhibit similar population genetic parameters and share a low genetic distance and approximately equal genetic distance to our other cynomolgus populations.
While Singapore is not presently connected to Peninsular Malaysia, it was connected by a land bridge throughout most of the Quaternary Period [1] . For this reason, we believe that our Singapore samples should resemble cynomolgus macaques of the Malaysian Peninsula at least as closely as the Chinese rhesus macaques from Hainan Island resemble those from the mainland of Guangdong Province from which they were last separated by the flooding of the Qiongzhou Strait approximately 8,500 years ago [64] . The single mitochondrial DNA haplotype represented on Hainan Island is a single mutational step removed from another haplotype that is common in the mainland provinces of Guangxi and Guangdong [30] . Thus, we anticipate that the cynomolgus macaques from Singapore will resemble those from Cambodia, its closest neighbor in our study, more closely than does any other population. The genetic distances among and genetic diversity of the six regional populations studied might also suggest the route of dispersal of the species, whether from the mainland or Indonesia. As Peninsular Malaysia is separated from Sumatra by a short and very shallow length of water that was among the earliest to disappear during glacial events [62] , we expect the Sumatran population to be the insular cynomolgus population most similar to the mainland populations of Cambodia and Singapore.
Methods
The research reported in this manuscript complied with the protocols approved by the UC Davis Animal Care and Use Committee and adhered to the legal requirements of the United States, where the research took place. In addition to the 13 STRs used by Kanthaswamy et al. [22] in an earlier study of cynomolgus and rhesus macaque hybridization, DNA samples from the six regional populations of cynomolgus macaques discussed above were genotyped for 11 additional STRs (Table 1) . Table 2 lists the number of animals (N) sampled from each of these six study populations. Cumulatively, these 24 loci represent a twofold wider coverage of the cynomolgus macaque genome than reported previously [20, 22] . Procedures for DNA extraction and PCR amplification of all 24 STR loci were those described by Satkoski et al. [40] and Kanthaswamy et al. [22] . Only individuals with at least 90% complete genotypes were used in subsequent analyses.
Genepop 3.4 was used to detect pairwise linkage disequilibrium (LD) among the 24 STRs [38] and to determine whether the genotypes at each locus segregated independently at the 0.05 level of probability. Unbiased estimates were made through randomization (1,000 iterations) using the Markov chain method to generate a contingency table representing the random association of genotypes at their observed frequencies at all possible pairs of loci. The same program was used to test the data for deviations from Hardy-Weinberg equilibrium (HWE) at the 0.05 level of probability.
To determine the extent of genetic variation within and among the populations studied, the number of alleles (n a ), observed heterozygosity (HO), and gene diversity (HE: heterozygosity expected under equilibrium conditions) for each locus and population were computed using Arlequin [9] . FSTAT 1.2 [12] was used to compute F-statistics [F IS (inbreeding coefficient), F ST (population subdivision coefficient), and F IT (the total reduction in observed heterozygosity due to non-random mating) [37] ] to test for non-random mating among the populations. The statistical significance of the deviation of per locus and overall F IS values from zero was tested using the FSTAT program, and the 95% confidence intervals (CI) for each computation were estimated by bootstrapping over loci. Positive F-statistics imply an excess of homozygosity due to inbreeding (F IS ) and/or genetic subdivision (F ST ). Values of F IT ranging from 0 to 0.15 and from 0.15 to more than 0.25 suggest negligible/moderate and moderate/high levels of homozygosity, respectively. Arlequin was also used to compute pairwise F ST [61] and conduct an analysis of molecular variance (AMOVA). In the AMOVA, genetic variation within populations corresponds to the withinpopulation inbreeding coefficient or F IS , variation among populations corresponds to F ST , and the net effect of both factors corresponds to F IT . The significance of the pairwise F ST estimates was tested using a probability distribution constructed from permutation Table 2 Sample numbers (N), mean allele numbers (n a ), mean observed (HO) and mean expected heterozygosity (HE) averaged across all 24 STRs for each study population. The number of loci per population that were not in HWE is given in parentheses. Pairwise F ST values between populations are given below the diagonal. Population-specific inbreeding coefficients (F IS ) and genetic differentiation (F ST ) are the average of pairwise values for each population (below diagonal). All population-specific F IS and F ST values and all pairwise F ST values were statistically significant at the 0.05 level of probability. Overall, F IS , F IT , and F ST estimates among the six populations are 0.083 (0.077), 0.185 (0.172), and 0.110 (0.102), respectively. Averaged estimates of parameters for a random sampling of 18 individuals across 10 iterations of sampling are given in parentheses S. Sumatra (5) Zamboanga (4) Mauritius (7) Corregidor (1) Singapore (4) Cambodia (1) N 98 (18) 35 (18) 79 (18) 34 (18) 26 (18 [14] to assess the degree of pairwise relatedness among the study animals within each study population. To insure that variability in sample sizes of the six population samples, which varied from 18 to 98, did not influence our estimates of the parameters described above, the parameters were also computed based on genotypes of 18 sample members of each population selected with replacement using random number generation and averaged over 10 permutations.
We used the program STRUCTURE 2.3.3 [16, 37] to characterize the population structure among cynomolgus macaque populations derived from six different mainland and insular populations. To determine whether the cynomolgus macaques' nuclear genetic variation at the 24 STRs follows a geographic pattern, the software program utilizes a Markov Chain Monte Carlo (MCMC) method to compute L(K), the posterior probability that the data fit the hypothesis of K geographically/genetically distinct groups, and to estimate the fractional membership of each animal in each group. Often, the most realistic value of K is established using the maximum value of L(K) that STRUCTURE generates [13] . However, Pritchard and Wen [36] observed that once the 'true' value of K is reached, estimates of L(K) for higher values of K plateau because of increasing variance. Thus, we computed DK, a measure of secondorder rate of change of the STRUCTURE likelihood function [L(K)] as described by Evanno et al. [8] , who demonstrated that the height of the modal value of DK is correlated with the strength of the genetic subdivision among the study populations.
We conducted STRUCTURE runs assuming that between two and eight (2 K 8) genetically distinct groups of individuals exist among the study populations. Simulations were performed with 5 9 10 5 iterations, after a burn-in period of 10 5 using prior population information. It was assumed that allele frequencies among populations are correlated and that despite a priori assignment of an individual to a particular population, there is a high probability that it has ancestors in other populations. The STRUCTURE runs were replicated 10 times with each set of assumptions, to assure that group assignments with the greatest probabilities were detected. We also performed discriminant analysis of principal components (DAPC) using the adegenet 1.3 package for R [18] . The DAPC provides a visual and quantitative method for identifying genetic clusters [19] by partitioning within-and between-group variance and maximizing the latter. Table 1 presents estimates of allele number (n a ) and observed (HO) and expected (HE) heterozygosities averaged across study populations for each of the 24 loci analyzed. Up to seven loci departed from HWE at the 0.05 level of probability when individual populations were examined separately ( Table 2 ). All 24 markers were statistically unlinked (P > 0.05) when data from the different populations were pooled, and according to the Micro-Checker program, none of them presented any evidence for null alleles at statistically significant levels (P < 0.05). The average number of STR alleles (n a ) and the average observed (HO) and expected (HE) proportion of heterozygous genotypes in each population, as well as the estimates (in parentheses) standardized for a sample size of 18, are presented in Table 2 .
Results
The Sumatran population exhibited the highest average number of alleles per locus (n a = 9.5) and the Mauritian population the lowest (5.0), while other populations exhibited 6.3-6.9 alleles per locus. Sample size clearly influenced n a as the number of alleles in the largest sample, Sumatra (N = 98), was especially overestimated compared to its size-adjusted value of n a = 6.7. Based on size-adjusted values, Sumatra and Cambodia exhibited the highest allele numbers (6.7 and 6.9, respectively), while Mauritius exhibited the lowest (4.2). A lower average number of alleles were generally accompanied by lower values of HO and HE, but these values were not influenced by sample size, probably because alleles lost by the Mauritian and Philippine populations were those of low frequency. Estimates of HO ranged from 0.54 (Mauritius) to 0.73 (Cambodia), while HE ranged from 0.62 (Mauritius) to 0.76 (Cambodia). The Singapore sample exhibited the greatest discrepancy between HE and HO (0.74 vs. 0.64), while the animals from Corregidor exhibited no difference between HE and HO.
Pairwise estimates of coefficients of relationship did not exceed 0.01, confirming that no pair of the animals in any group was closely related, and none of the Fstatistics were influenced by variation in sample size by more than 0.01. Contrary to the locus-specific F IS estimates, the variability in F IS estimates among the six populations of cynomolgus macaques did not fit a normal distribution (data not shown) due to an excess of both very high (e.g., Mauritius) and very low (Corregidor) values. However, the negative correlation (r = À0.89) between genetic differentiation (F ST ) and gene diversity (HE) expected under the neutral hypothesis was observed. All pairwise F ST comparisons showed statistically significant differentiation among the six populations (Table 2 ) at the 0.05 level of probability. Genetic differentiation was lowest (pairwise F ST = 0.05-0.06) among Sumatra, Singapore, and Cambodia and highest (pairwise F ST = 0.14-0.19) between Mauritius and four of the other five populations, except Sumatra, their presumed ancestral homeland [6, 10] . Thus, Mauritius was the most divergent of the six populations despite its recent derivation from Indonesian cynomolgus macaques (pairwise F ST = 0.11).
Population-specific F IS estimates for Mauritius and Singapore, the two small island populations, were the highest (F IS = 0.12 and 0.15, respectively), those for Sumatra and Zamboanga were intermediate (0.07-0.08, respectively), while those for Corregidor was the lowest (0.016). Population-specific (average pairwise) F ST values ranged from approximately 0.08 (Sumatra) to 0.15 (Mauritius) with the other populations ranging between 0.09 and 0.11, reflecting the lowest and highest average divergence of Sumatra and Mauritius from all other populations, respectively. The corresponding population-specific values of F IT (0.19) suggest a relatively high excess of homozygosity in the small island populations of Mauritius (0.26) and Singapore (0.22), with Corregidor (0.12), Cambodia (0.13), and Sumatra (0.14) exhibiting the least excess.
The use of prior population information greatly assisted the Bayesian clustering process of the STRUC-TURE program (K = 3; Fig. 2A ) and assigned the cynomolgus study populations to inferred structure clusters based on robust posterior probabilities. Examination of Ln P(X|K) values suggested that the highest value of DK was at K = 3 (Fig. 2B) indicating that there are three highly differentiated genetic clusters of cynomolgus populations. Posterior assignment probabilities generated by the STRUCTURE analysis maintained the Mauritian group and assigned all animals in the two Philippine populations, Zamboanga, and Corregidor to the same cluster. The island populations of Singapore and Sumatra clustered with the mainland population, Cambodia. This result was also reflected in the DAPC (Fig. 3 ) and the pairwise F ST values (Table 2) . When subjected to discriminant analysis, the DAPC values were found to have discriminant functions producing a high ratio of explained variance (eigenvalues; 90.5%) to the error term, accounted for by the first two principal components and the K value of 3.
When all sampling localities were pooled according to their genetically distinct groups with K = 3 as determined by the STRUCTURE and DAPC analyses (i.e., Sumatra/Singapore/Vietnam, Zamboanga/Corregidor and Mauritius, Table 3 ), the Mauritian sample, whose geographic separation from the Indonesian population (A) (B) Fig. 2 (A) Graphical representation of the STRUCTURE analysis for the most likely value of K (K = 3), where each individual is represented by a vertical bar and each shade corresponds to a genetically distinct population cluster. The numbers on the x-axis correspond to a specific regional population of cynomolgus macaques: Sumatra, Indonesia (1), Zamboanga, Mindanao (2), Mauritius (3), Corregidor (4), Singapore (5), and Cambodia (6). The y-axis represents the probability of assignment of an individual to each population cluster. (B) The modal value of Ln P(X|K) identifies the most realistic value of K, the uppermost level of structure that represents only three genetic clusters (i.e., K = 3).
is only a few hundred years old, emerged as the most genetically isolated and homogenous population of cynomolgus macaques. Of the three clusters, Mauritius exhibited the highest group-specific F IS (0.12), F IT (0.24), and F ST (0.14), respectively, and highest pairwise F ST (0.10-0.17) values. The majority (80%) of variation in the AMOVA analysis for the combined dataset is within each of the three genetically distinct groups ( Table 4 ). The F ST value of 0.11 among the three DAPC clusters (when K = 3) was identical to that for all six populations (K = 6), confirming the relationships implied by the three clusters.
Discussion
The uniqueness of Mauritius in the STRUCTURE and DAPC does not reflect the very recent derivation of this population from Indonesia [51, 52] , nor does the clustering of Sumatra with the two mainland populations (Cambodia and Singapore) reflect either the fundamental genetic division between insular and mainland cynomolgus macaques that others have reported [e.g., [15, 54] ] or the hypothesis that the Isthmus of Kra represents a geographic barrier to gene flow [56] . The high genetic diversity and lowest divergence of the Indonesian cynomolgus macaques from all other cynomolgus macaque populations are consistent with an Indonesian, rather than Indochinese, homeland for the species, as concluded by Smith et al. [44] , but are not consistent with an earlier report based on a smaller subset of the STR loci employed in this study [22] . The difference between our study and others based on mtDNA and Y chromosomes might result from the lineage sorting effects of these genomes/chromosomes based on their low effective population sizes. The influence of sampling subjects and loci on the results of such studies may also be substantial, as suggested by the difference between the results of this study and that of many of the same samples based on a smaller subset of loci. The clustering of southern Sumatra with Singapore and Cambodia might reflect the route that cynomolgus macaques followed during dispersal from southern Indonesia to the mainland, because Sumatran and Peninsular Malaysian longtailed macaques are separated by one of the narrowest and shallowest waterways on the Sunda Shelf [58] . When K = 4 (not shown), Sumatra was removed from its cluster with Singapore and Cambodia, leaving the latter two populations in their own cluster, as suggested by the DAPC analysis, and underscoring the mainland affiliation with Singapore. The greatest component of the genetic variance (axis 1, encompassing 62.2% of the variance) separates the Philippine (both Corregidor and Zamboanga) and Mauritian samples from the mainland and shallow water populations, as previously cited. The second greatest component (axis 2, encompassing 28.3% of the variance) does not distinguish the Mauritian and Philippine samples, but rather illustrates differentiation between the mainland populations, Cambodia and Singapore from both Sumatra and the Mauritius-Philippines group. Thus, the first and second DAPC axes correspond with the K = 3 clusters emerging from the STRUCTURE analysis. Samples from all mainland populations (those that are contiguous or separated by shallow water) are genetically equidistant from the Mauritius and Philippines populations. The Philippine and Mauritian populations are most divergent from the other populations of cynomolgus macaques because animals in the Philippines, an island that is separated from the Sunda Shelf by deepwater, and those from Mauritius, an island off the coast of Africa, have become significantly genetically homogeneous and distinct from the other populations. The remarkable divergence of Mauritian cynomolgus macaques from those from Indonesia in fewer than 500 years underscores the speed with which genetic divergence can occur in an isolated population with a short generation length [43] expanding rapidly from a very small number of founders. To a lesser extent, evolutionary forces have led to genetic differentiation among all insular populations of cynomolgus macaques, while those on the mainland remain relatively undifferentiated [42] .
Patterns of pairwise F ST estimates suggest that population differentiation occurred at varying rates not proportional to their corresponding geographic distances and probably accounts for the lack of a normal distribution of variability in F IS estimates. The increased divergence among and genetic homogeneity within isolated populations of limited size reflect the Wahlund effect [59] . The higher estimates of HE compared with those of HO stem from the relatively high F-statistics (higher estimates of F IS and F ST are often correlated with lower observed heterozygosity) for populations of a single species [34] and might suggest further subdivision within at least some of the populations studied. Although the individual population clustering patterns created by STRUCTURE, DAPC, and pairwise F ST revealed three genetically differentiated groups; the ZamboangaCorregidor, the Indonesia-Singapore-Cambodia, and the Mauritius clusters, estimates of F IS calculated in this study are 9-18 times greater than those among rhesus macaques used for biomedical research at the California NPRC. Because none of the 24 loci analyzed showed significant and systematic effects from null alleles across populations, the high degree of allele sharing and excess homozygosity among animals in this study probably resulted from many generations of genetic isolation and random inbreeding. The F IS values were higher for small island populations (Mauritius and Singapore) than for the larger island population, the mainland population of Cambodia, or the potentially artificially heterogeneous population of Corregidor. The lower estimates of F IS for the Corregidor population might reflect a wide breadth of sampling from the island of Mindanao or even from other islands of the Philippines notwithstanding its close clustering with the Zamboanga population. In the smaller populations of Mauritius, Zamboanga, and perhaps Singapore, founder effects, small effective population size, and genetic drift probably played a significant role in shaping these populations' genetic structure. The especially low level of genetic heterogeneity of Mauritian cynomolgus macaques reported for both mtDNA [2, 25, 29] , STRs [22] , and MHC alleles [63] is confirmed by the present study.
The Philippine population may represent the remnant of ancient dispersals from the Sunda Shelf that is presently restricted to the outer limits of the cynomolgus macaques' natural geographic distribution. The modest level of genetic differentiation between cynomolgus macaques from the islands of Corregidor and Zamboanga (F ST = 0.06) and those from Cambodia and Singapore (F ST = 0.06) compared with other pairs of South-East Asian populations corresponds with their close geographic proximity. Because the animals from Corregidor and Zamboanga are equally differentiated from all other cynomolgus macaque populations, we conclude that both populations represent the subspecies M. f. fascicularis and that the former were collected predominantly from the western part of Mindanao.
While the level of divergence of the Mauritian population from their Indonesian relatives was unexpected, the former resembled the latter more closely than any other population. The pairwise F ST value of 0.11 implies a closer genetic relationship between Mauritian and south Sumatran animals than that reported by Kanthaswamy et al. [22] . In that study, estimates of genetic differences between these populations (0.14) were slightly greater than those in the present study. The use of more STRs than in previous studies also led to better detection of genetic similarity between the Mauritian and Indonesian cynomolgus populations, but the value is still unexpectedly high and underscores how strong stochastic processes can mask phylogenetic relationships. Cynomolgus macaques purportedly arrived in Mauritius from Indonesia as shipboard companions of sailors in the seventeenth or eighteenth centuries [51, 52] and are thought to have all originated from a small founder population originating in Java or Sumatra. The drastic founder effect and subsequent rapid expansion in their population size [3] undoubtedly resulted in the loss of alleles, especially rarer ones, high levels of inbreeding, and a unique and genetically homogeneous set of genetic traits, including remarkably low levels of genetic variation at the MHC loci [28, 63] . Founder effects, isolation, inbreeding, and drift must have been exceedingly profound to so obscure the recent derivation of these animals from their Indonesian ancestors.
Kanthaswamy et al. [21, 22] showed that the rhesus and cynomolgus macaques from Indochina exhibited the greatest genetic diversity based on STRs and SNPs, respectively, perhaps reflecting the natural zone of interspecies hybridization in Indochina. This is consistent with an introgression of rhesus alleles that is both unique to cynomolgus macaques in Indochina [22, 41, 43, 44, 54] and extends much broader than suggested by the current zone of hybridization described by Tosi et al. [56] . Moreover, a much more extensive overlap of troops of rhesus and cynomolgus macaque in Indochina, including Vietnam [32] , Cambodia [53] , Laos [26] , and Thailand [17] , than previously suspected has also been reported.
Our observations of a lack of close consanguinity of cynomolgus macaques in each population are in agreement with Melnick's [31] conclusion that cynomolgus macaques generally avoid mating among close relatives. However, our estimates of F IS were much higher than his, a conflict that may have stemmed from the different sampling approaches employed by the two studies. While Melnick [31] focused on social groups in the wild, our sampling scheme was based on samples obtained opportunistically from animals trapped for biomedical research.
Because the effect of inbreeding was not considered in STRUCTURE analyses reported elsewhere [20, 21] , the presence of remotely related individuals in the sample set from Singapore and/or Mauritius, suggested by high values of F IS , could have led to an overestimation of the real value of K [36] , further compounding the effects from the correlated allele frequency model. However, the overall F ST values among all six populations exceeded 0.11, suggesting that if anything, K is more likely to have been underestimated than overestimated in this study.
Our results suggest that animals from different source populations vary substantially and should not be included in the same experiments as models for heritable human diseases because they may not be ideal for valid comparisons. Combining information on quantitative risk factors for disease from different populations of cynomolgus macaques could obscure risk factor-disease associations or create spurious or artificial associations that are biologically irrelevant [50] .
Although Indonesia and the Philippines consist of thousands of islands, little attention has been given to the island of origin of cynomolgus macaques chosen as models for research. The potential effects of the distribution of genetic diversity of cynomolgus macaques within and among islands should be adequately described in future studies. Because many cynomolgus macaques have been imported to the United States from breeding farms in China that mix and breed cynomolgus macaques originating in Indochina, Indonesia, and elsewhere, both intraspecific and interspecific hybrid animals might persist in the domestic supply of cynomolgus macaques in the United States [21] . This should be considered by investigators when selecting animals as subjects in biomedical research. To maximize resolution of experimental treatment effects, animals of unmixed ancestry with paired coefficients of relationship below that of first cousins (r < 0.125) should be employed in biomedical research. Relatively inexpensive genetic testing can insure that these conditions are met. By requiring accurate information on their animals' origin, ancestry, and pedigree, investigators and colony managers can (i) prevent admixture among animals from different geographic origins that can inflate genetic variability among experimental subjects and (ii) prevent mating among related animals that can increase inbreeding coefficients among their breeding stock.
